In an attempt to characterize the subsurface structure that is related to fossil mantle plume activity, a comprehensive geophysical investigation was conducted in the Emeishan Large Igneous Province (ELIP). The nature and geometry of the crust were examined within the scheme of the domal structure of ELIP, which comprises the Inner, Intermediate and Outer zones, which are defined on the basis of the biostratigraphy of pre-volcanic sediments. The bulk crustal properties within the Inner Zone are characterized by high density, high P-wave velocity, high Vp/Vs ratios and large crustal thickness. A visible continuous seismic converter is present in the upper part of the crust in the whole Intermediate Zone and the eastern part of the Inner Zone, but it is absent in the Inner Zone, where another seismic converter is observed in the lower part of the crust. The geometric configuration of these converters is attributable to the addition of mantle-derived melts to the pre-existing crust and subsequent interaction between them. The crustal geometry, which is delineated by the migrated image of receiver functions from the passive seismic experiment, and the crustal properties collectively suggest that a mafic layer of 15-20 km thickness and 150-180 km width exists at the base of the crust in the Inner Zone. Such a mafic layer reflects a vertical crustal growth through magmatic underplating at the base of the crust and intraplating within the upper crust. The salient spatial correlation between the deep crustal structure and the dome strongly supports a genetic link between crustal thickening and plume activity, if the pre-volcanic domal uplift is generated by the Permian Emeishan mantle plume. This arrangement is further supported by the consistency of the extent of crustal uplift estimated by isostatic equilibrium modeling and sedimentary data. This study therefore characterizes and provides evidence for a plume-modified crust in a large igneous province.
Introduction
The Permian, which is characterized by emplacements of a number of large igneous provinces (LIPs), is an important period in the earth's history (Wignall et al., 2009) . Recently, recognition of the potential role of LIPs in affecting biotic evolutionary pathways and metallogenic systems has led to growing interest Ali et al., 2005) and its present location (b) with other LIPs exposed on the Earth (modified from Bryan et al., 2002) . Note the very large dimensions that the ELIP has traveled in space and time since its formation and, hence, the mismatch between the locations of the Permian plume source and the present-day ELIP and the exhaustion of thermal effect in ELIP.
PGE deposits (Zhou et al., 2008) , which have already become important targets for mineral exploration.
Over the past decade, multidisciplinary investigations have been conducted in ELIP on the origin of this LIP, the mineralization system associated with a mantle plume, and paleoclimatic reconstructions and their implications for the Permian mass extinctions. A mantle plume model has been used to explain the physical and chemical features of ELIP, including the eruption of high magnesian lavas and evidence for pre-volcanic crustal domal uplift. summarized the identifications of mantle plume in ELIP and argued that there would be at least seven pieces of evidence that support a Permian mantle plume origin for this province. Most of the evidence for the mantle plume is from geochemical, paleontological, paleomagnetic, and geochronological studies, but the geophysical constraints are very limited. Most of the seismic evidence for mantle plumes is confined to the modern, active hotspots such as Hawaii, Kerguelen, Iceland and Yellowstone (Montelli et al., 2004) . The thermal effects of high temperature and low viscosity magma-derived and subsequent geophysical responses (especially low seismic velocity) within the deep interiors are the most important clues to tracing a modern mantle plume for seismic investigation. The ELIP is related to an ancient plume, whereas the thermal effects that are plume-derived would have decayed with a time constant of approximately 60 Myr (McKenzie, 1984) . Since the termination of the volcanism, ELIP has traveled more than three thousand kilometers away from its putative source (Fig. 1) , and the mantle has continuously cooled down for over 250 Myr. Both the thermal decay and the drifting away from the original site would result in great difficulty in tracing an ancient plume for geophysical investigation. Fortunately, as an archive of the earth's history, the solidified continental crust has the most possible ability to preserve the imprints of the earth's evolution, by its composition and structure (Hawkesworth et al., 2013) . Thus, in this sense, the constraints on the crustal composition and geometric structure from the geophysical investigations could provide an opportunity to identify an ancient mantle plume. However, to understand the origin of an ancient LIP, great care must be taken when a real-time geophysical observation on the deep-seated and hence volatile structures (e.g., the mantle transition zone) is used as a discriminator .
In an attempt to trace the geological records that were left by the proposed ancient mantle plume, a series of geophysical investigations were conducted in ELIP discontinuously from November 2010 to April 2013. Four east-west trending profiles that are approximately along the latitude 27 • N are involved in a COMprehensive investigation on ELIP: 1) a linear PASSive seismic array (COMPASS-ELIP experiment, ca. 850 km long); 2) a WIDEangle reflection/refraction seismic profile (COMWIDE-ELIP experiment, ca. 650 km long); synchronous measurements of 3) GRAvity (COMGRA-ELIP experiment, ca. 800 km long) and 4) geoMAGnetism (COMMAG-ELIP experiment). In this paper, we will present observations of the crustal nature and geometry mainly from the COMPASS-ELIP experiment and discuss their implications in the origin of voluminous mafic basalts and the crustal growth mechanism in this igneous province. 
Geological settings
The Permian Emeishan basalts are erosional remnants of voluminous mafic volcanic successions that are located at the western margin of the Mesoproterozoic Yangtze Craton and the southeastern margin of Tibet, SW China (Xu et al., 2004; Ali et al., 2005) . They are exposed in a roughly rhombic area of 250,000 km 2 that is bounded by the Lijiang-Xiaojinhe thrust fault (LXF, F4 in Fig. 2 ) in the northwest and the Ailaoshan-Red River slip fault (ARF, F3 in Fig. 2 ) in the southwest. The thickness of the entire volcanic sequence in this province varies considerably, from over 5000 m in the west to a few hundred meters in the east (He et al., 2003) . The province consists of dominant basaltic lavas and subordinate pyroclastic rocks. The Emeishan volcanic successions unconformably overlie the late middle Permian Maokou Limestone and are in turn covered by the uppermost Permian sediments in the east and west and by the upper Triassic or Jurassic sediments in the central part (He et al., 2003) . Here, the carbonate beds of the underlying Maokou Formation have been systematically thinned by erosion toward the center of the flood basalt province, which suggests a pre-volcanic crustal domal uplift. The extent of erosion of the Maokou Formation indicates that ELIP can be divided into three roughly concentric zones ( Fig. 2) : the Inner, Intermediate, and Outer zones (He et al., 2003 (He et al., , 2010 . The Inner Zone (INZ) has a radius of ca. 200 km, where the erosion of the Maokou Formation is most intensive and the uplift is estimated to be at least 500 m and probably could exceed 1000 m, and is considered to be the impact site of the rising plume head. The Intermediate Zone (IMZ) has a radius of 425 km, an average uplift of ca. 300 m and a modest extent of erosion. The Outer Zone (OTZ) has a radius of 800 km, a minimum uplift and a minor extent of erosion. Such a division of the domal structure is important because it provides a natural basis to subdivide ELIP (Xu et al., 2004; Campbell, 2005) . In addition, to the west of INZ, the tectonic feature is characterized by two roughly north-south trending right-lateral strike-slip faults: the Nujiang River fault (F1 in Fig. 2 ) and the Lancangjiang River fault (F2 in Fig. 2 ). This zone is the northernmost of the Southeast Asia extrusion system. Its active movement is mainly responsible for the eastward extrusion, which has been related to the India-Eurasia collision since the Cenozoic (Yin, 2010) . Three large rivers (Nujiang, Lancangjiang, and Jingsha rivers) course down from Southeast Tibet and travel in parallel through this area. Herein, this area is briefly called the Three-river Zone (TRZ) for simplification (Fig. 2) .
Data and methods
The COMPASS-ELIP experiment was conducted along the latitude of 27 • N between Fugong in western Yunnan and Guiding in central Guizhou, crossing TRZ, INZ, IMZ, and OTZ from west to east (Fig. 2) . The profile has a total length of ca. 850 km, and 59 seismographs (Reftek-130 data loggers plus Guralp CMG3-ESP sensors of 50 Hz-30 s/60 s) were deployed with a station interval of ca. 15 km. According to the observation periods, the profile was divided into two segments: the West-and East-Lines. A total of 29 seismographs (namely, E01-E31, with the absence of E03 and E04 due to the inaccessibility of the Nushan Mountain in western Yun- (Fig. 3) were recorded by the West-Line and East-Line arrays, respectively.
Teleseismic P-wave Receiver Functions (RFs) were calculated using time-domain iterative deconvolution of vertical and radial seismograms (Ligorria and Ammon, 1999) . We obtained 6793 RFs (4503 for West-Line and 2290 for East-Line) for the 59 stations along the profile after eliminating those records for which the Moho Ps conversions have a low signal-to-noise ratio. The larger number of useful events and RFs for the West-Line mainly results from the higher earthquake activity in 2011. The stacked RFs (the summed trace of the move-out corrected RFs) for all 59 stations along the profile are shown in Fig. 4 . The P and Moho converted Ps-phases can be observed very clearly. The delay time between the P and Ps converted phases fluctuates along the profile: approximately 6.0 s under TRZ, 7.0 s under INZ, 5.5 s under IMZ, and 4.5 s under OTZ (Fig. 4) . These delay time variations reflect the Moho topography and can be taken as the first-order constraints on the crustal thickness. The longer the delay time is, the greater the crustal thickness. In this sense, the large delay time suggests a thick crust in INZ.
Crustal structure of ELIP
With the advantage of suppressing the trade-off between the crustal thickness (H) and the bulk Vp/Vs ratio (κ ), the H -κ stacking procedure (Zhu and Kanamori, 2000) has been used routinely for teleseismic RFs at each individual seismic station. At each station of the COMPASS-ELIP array, we first processed the available data set of RFs using the H -κ stacking method based on the averaged crustal P-wave velocity model ( Fig. 5b ) derived from the COMWIDE-ELIP experiment (Fig. 5d) , and estimated the standard errors of H and Vp/Vs ratio by the bootstrap method (Efron and Tibshirani, 1986) for 100 trials. To smooth out the rapid lateral variations within each zone, an arithmetic average and the standard errors of H and the Vp/Vs ratio were further calculated using a three-station sliding-average scheme. The lateral variations of H and the Vp/Vs ratio and their uncertainties along the profile are listed in Table 1 and are shown in Fig. 5e , f. In general, the uncertainties for H -κ stacking of stations in TRZ and INZ are much smaller than those in IMZ and OTZ because of a larger number of events and useable RFs in the West-Line (Table 1). The average standard error of H and the Vp/Vs ratios from H -κ stacking for stations in TRZ and INZ is less than 1.1 km and 0.017, respectively.
To construct a depth-domain crustal conversion image, a migration scheme of Common Conversion Points (CCP) stacking (Yuan et al., 1997) was used to focus the converted signal from the time series of each RF to its relevant conversion point. In the traditional approach, the CCP-stacking migration needs a reference velocity model, and the IASP91 model (Kennett and Engdahl, 1991 ) is used widely. However, in this study, we used a modified model that was based on the crustal P-wave velocity (Fig. 5b) derived from the COMWIDE-ELIP experiment and the crustal Vp/Vs ratio ( Fig. 5f ) from H -κ stacking. By comparing it with the IASP91 model (Fig. 6a) , we found that the modified model (Fig. 6b) made the amplitudes focus better at the Moho discontinuity and manifest some intracrustal interfaces at certain depths. Therefore, the migrated image based on the modified velocity model provides a fine skeleton drawing of the geometric crustal structure. The signature of the Moho discontinuity in the migrated image (Fig. 5c ) is well consistent with the depth that is estimated by H -κ stacking (Fig. 5e) . Additionally, three other dominant signatures can be recognized within the crust (they will be interpreted as the underplating interface (UI), Conrad discontinuity (CD) and crystalline basement (CB) in the following section): 1) the signature at a depth of ca. 35 km in INZ (UI, in Fig. 5c ), bounded by LXF (F4 in Fig. 2 ) and LYF (F5 in Fig. 2) ; 2) the signature at a depth of 20-25 km (CD, in Fig. 5c ) in the east part of INZ and almost the whole IMZ, bounded by LYF and SZF (F8 in Fig. 2) ; 3) the sig- . (e) Crustal thickness derived from the H -κ stacking analysis of RFs (blue circles, also marked by the black circles in (c)), and the Moho depth estimated from the Airy isostatic equilibrium (Airy Moho, green line) based on the average topography along the profile. (f) Vp/Vs ratios (blue circles) derived from the H -κ analysis of RFs, and heat flow (red line) along the profile extracted from the dataset that produced the heat flow map of Chinese continent and its adjacent areas (Hu et al., 2000; Tao and Shen, 2008) . The vertical bars in (e) and (f) denote the standard errors of the arithmetic averages computed by the three-point sliding average within each zone along the profile. Note that, the Inner Zone is characterized by high density, high P-wave velocity, high Vp/Vs ratios, low heat flow, large crustal thickness that deviates from the Airy Moho, and no significant low-velocity zone within the crust. The abbreviations for the faults and zones are the same as in Figs. 2 and 4. nature at a depth of 15 km (CB, in Fig. 5c ) bounded by SZF in the west, which corresponds to the noticeable tectonic feature of Shuicheng-Ziyun Aulacogen (SZA) in the western margin of OTZ. Both the Moho and these intracrustal signatures can also be recognized in the stacked RFs in time domain (Fig. 4) .
Discussion

Spatial variations in the crustal thickness and Vp/Vs ratios
According to the results yielded by H -κ stacking at each station and the subsequent sliding-average along the profile (Fig. 5e,  f) , the following features of the variations in H and the Vp/Vs ratio are noted: 1) Both TRZ and INZ have a thick crust (50-60 km) and high Vp/Vs ratios (1.75-1.85); 2) IMZ has a lower crustal thickness (40-50 km) and moderate Vp/Vs ratios (1.70-1.80); 3) OTZ has a relatively thin crust (ca. 40 km) and low Vp/Vs ratios (1.65-1.75); and 4) Within the east part of INZ, the crustal thickness reaches a maximum of 60 km. In general, both the crustal thickness and the Vp/Vs ratios decrease progressively from west to east along the profile, which is roughly consistent with previous independent estimates from tomography (Xu and Song, 2010) and joint inversions of receiver functions and surface waves (Sun et al., 2014; Bao et al., 2015) . For example, high Vp/Vs ratios and thick crustal thicknesses were also detected to the West of XJF by a seismic array south to our profile (Sun et al., 2014) .
We plotted the values of H vs. Vp/Vs for each zone, to visualize their spatial variations (Fig. 7) . Intriguingly, the data from different zones delineates distinct patterns, which are enclosed by the bestfitting ellipses with a criterion of minimum area. The center of the ellipse corresponds to the average H and Vp/Vs ratio of the zone. Noticeably, a relatively high average Vp/Vs ratio (ca. 1.77) and the largest crustal thickness (ca. 54 km) are located in INZ.
The Vp/Vs ratio is related to the mineralogy and composition and even to the physical state of the crust (Zandt and Ammon, 1995; Christensen, 1996) . In general, either mafic/ultramafic compositions, fluids, high temperature, or partial melting will induce high Vp/Vs ratios. The surface heat flow, along with information (Fig. 5b) derived from the COMWIDE-ELIP experiment (Fig. 5d ) and the bulk crustal Vp/Vs ratios (Fig. 5e ) from H -κ stacking. The amplitude scale is the same for both profiles. The conversions are more sharply imaged and properly located with the modified model. The surface elevation, geological features and stations along the profile are marked in the top panel. The abbreviations for the faults and zones are the same as in Figs. 2 and 4 . The values that are associated with the four zones were enclosed by individual best-fitting ellipses with the minimum area. The Crosses in different colors show the measurements at different zones. The diamonds at the center of each ellipse correspond to the average H and Vp/Vs ratio of the zone. As a reference, the gray dashed line indicates the Vp/Vs ratio of 1.75. about the thermal conductivity and heat production rate in the crust, is the essential data for understanding the crustal temperature (Tao and Shen, 2008) . The heat flow distribution in the Chinese continent and its adjacent areas was mapped by Hu et al. (2000) and later updated by Tao and Shen (2008) . Although the heat flow observations in China are still sparse and unevenly distributed, more than 35 available measurements in West and Central Yunnan (Tao and Shen, 2008) provided good constraints along our profile, especially for TRZ and INZ. We extracted the data along the latitude of 27 • N from the heat flow dataset produced by Tao and Shen (2008) . The lateral variation of the heat flow clearly shows a concave-shaped decrease at the center of the INZ relative to the adjacent regions, which basically forms a mirror-symmetric relationship with the variation in the Vp/Vs ratios (Fig. 5f ). The feature of low heat flow and high Vp/Vs ratios, combined with the properties that are characterized by high gravity anomaly (Fig. 5a ) high P-wave velocity (Fig. 5b) with no significant low velocity zone (LVZ) within the crust (Fig. 5d) in INZ, enables us to exclude the existence of massive fluids, permanent high temperatures and/or partial melting in the current crustal interior of INZ.
Alternatively, we propose that the high Vp/Vs ratios in INZ are most likely caused by the frozen mafic/ultramafic magmatic underplating that is associated with the ancient mantle plume. In general, the heat production in mafic/ultramafic rocks is at least one order of magnitude lower than that in felsic rocks (Furlong and Chapman, 2013) . The replacement of felsic rocks with mafic or ultramafic rocks through magmatic underplating or igneous intrusion will reduce the heat production in the crust and thus will decrease the surface heat flow in the long term. This arrangement is again consistent with the low surface heat flow at the center area of the INZ (Fig. 5f ). In contrast, given the high bulk crustal Vp/Vs ratio and high heat flow (Fig. 5f ) in TRZ, we favor an interpretation of an ongoing addition of high-Vp/Vs materials into the crust, either a basaltic underplating related to upwelling that results from the eastward subduction of the Indian Plate beneath Burma Arc (Lei et al., 2009) or by a lower crustal flow that is related to the south-eastward escaping of the Tibetan deep crust (Royden et al., 1997) .
Interpretations of the seismic signatures within the crust
Besides the Moho discontinuity, three other intracrustal signatures were recognized and described in Section 4. With the caution that the interference of multiple conversions within crust could be present in the stacked RFs in time-domain (Fig. 4) , and, hence in the migrated image in depth-domain (Figs. 5c, 6 ), these signatures are interpreted as seismic expressions of the crustal geometry of ELIP, which is depicted in Fig. 8 .
Moho discontinuity
In most of the crustal studies, the RFs method images the Moho discontinuity with a high reliability. In our study, the signature of Moho discontinuity can be visibly recognized not only in the stacked RFs in time-domain (Fig. 4) but also in the migrated image in depth-domain (Figs. 5c, 6 ), which is characterized by strong continuous positive amplitudes at the corresponding time or depths. More specifically, two strong converters in OTZ are imaged both in both time-and depth-domains (Figs. 4 and 6) . We interpret the shallower converter (ca. 4.5 s or ca. 40 km) as the Moho, and the deeper converter (close to 7.0 s or ca. 60 km) as an interface in the uppermost mantle in OTZ. We will discuss the details of the deeper converter and its implication in another paper. Assuming a perfect Airy-type crustal isostacy, the crustal thickness H can be estimated by
where, ρ c and ρ m are the crustal and upper mantle densities (ca. 2.75 g/cm 3 and 3.20 g/cm 3 generally), respectively; h is the present-day topography; and H 0 is the reference crustal thickness (a global average of 33 km). In our case, the average topography (green line in the upper panel of Fig. 5c ), which is computed by a running average along our profile within a radius of 60 km, is substituted, and then, the Airy Moho is obtained (green line in Fig. 5e ). Except for INZ, to the first order, the Airy Moho matches the trends of the Moho that is estimated independently by H -κ stacking (Fig. 5e) or recognized from the RFs sections in timeand depth-domains (Figs. 4, 5c and 6). This match strongly suggests that the shallower converter in time-or depth-domains in OTZ should be the present-day Moho, which is also confirmed by the COMWIDE-ELIP experiment (Fig. 5d ) and another previous controlled-source seismic survey that was conducted in 1984 (Xiong et al., 1986) . Meanwhile, the mismatch, where the Moho depth in INZ is much deeper than Airy Moho (Fig. 5e) , strongly suggests the existence of a high-density crust in this zone. Generally, this feature of the Moho topography not only reflects the modern day processes related to the lateral variations of the surface elevations along the profile, but also reveals the distinct crustal property (high density) of INZ that is highly consistent with the feature of the gravity data (Fig. 5a ).
Crystalline basement (CB)
The signature CB marks the strong positive amplitudes that appear at ca. 1.5 s (Fig. 4) or at the depth of ca. 15 km (Fig. 5c) , with a horizontal extent of ca. 50 km. It is located in the westernmost end of OTZ, which is marked by SZF (F8 in Fig. 2) , the boundary fault of the Shuicheng-Ziyun Aulacogen (SZA). SZA is an NW-trending Paleozoic aulacogen, which is featured by a notable linear basin with an approximate dimension of 400-km long and ca. 10-80-km wide (Wang et al., 2006) . SZA plays important roles in the crustal evolution and the ore-forming process in Western Guizhou. Given the consistency of the features between the signature CB and the realistic SZA, we interpret the signature CB as the crystalline basement of SZA. Wang et al. (2006) investigated the sedimentary filling succession and suggested that the aulacogen was initiated at the early Devonian and was uplifted during the volcanism of ELIP with differential erosion during the late middle Permian. As a result of the Dongwu Movement in South China (He et al., 2010) , the surface uplift reached up to 200-400 m, as estimated by the unconformity between the upper and middle Permian paleokarst formations (Wang et al., 2006) .
Conrad discontinuity (CD)
The signature CD marks the continuous positive amplitudes at ca. 2.5-3.0 s (Fig. 4) or at the depth ca. 20-25 km (Fig. 5c) . It appears in the whole IMZ and in the east part of INZ, bounded by LYF (F5 in Fig. 2 ) to the west and by SZF (F8 in Fig. 2) to the east flanks and is absent in the west part of INZ (Figs. 4, 5c) . The depth range (20-25 km) that CD appears at corresponds to the base of the upper crust (Fig. 5d) that is revealed by the COMWIDE-ELIP experiment , and thus it is likely the Conrad discontinuity that is considered to be the interface between the upper and the lower continental crust. The features on the appearance and termination of the upper crustal reflectivity were also recognized by the previous controlled-source seismic survey mentioned above (Xiong et al., 1986) . Therefore, we interpret the signature CD as the Conrad discontinuity in the east part of INZ and throughout IMZ.
Underplating interface (UI)
The signature UI marks the continuous positive amplitudes at 4.5-5.0 s (Fig. 4) or at the depth of ca. 35 km (Fig. 5c ). It appears in INZ with 150-180 km east-west extent and 15-20 km thickness above Moho. It is characterized by the distinct bulk crustal properties of high Bouguer gravity anomaly (Fig. 5a) , high P-wave velocity (Fig. 5b, d) , high Vp/Vs ratio and low heat flow (Fig. 5f) , and the large crustal thickness that is clearly divergent from the Airy Moho (Fig. 5e) . The local Bouguer gravity anomaly in INZ has a wavelength (λ) of ca. 200-250 km (Fig. 5a) , which can place an indirect constraint on the depth (z) of density anomaly in a firstorder approximation by
Therefore, the depth of this density anomaly is estimated to be 30-40 km, which is consistent with the depth of the signature UI that is observed here (Fig. 5c) and that of the high velocity layer (HVL, 7.0-7.2 km/s) that appears in the crustal P-wave velocity section (Fig. 5d) . Deng et al. (2014) investigated the residual gravity anomaly in South China and its relationship to ELIP. They found that the inverted density anomaly of ELIP is +0.06 g/cm (Fig. 5a ) was well fitted with a dense layer of ca. 3.14 g/cm 3 above Moho that extends at a depth of approximately 41 km. The observed positive residual gravity and the corresponding high density (Deng et al., 2014 , submitted for publicaton), high velocity, high Vp/Vs, and low heat flow (Fig. 5) can be attributed to cooled mafic/ultramafic rocks generated by large-scale magmatic intrusion (Thybo and Artemieva, 2013; Furlong and Chapman, 2013) . Hence, accounting for these distinct crustal properties (high Vp/Vs ratio, high density, high P-wave velocity, low heat flow, and large crustal thickness) as the discriminator for the underplated intrusive mafic materials in INZ, we interpret the signature UI as the interface of the magmatic underplating that is related to the Permian mafic LIP.
Crustal underplating and vertical growth
The mantle plume hypothesis provides a simple explanation for the essential features of classic LIPs, and its predictions have been confirmed by many observations (Campbell, 2005) . The multidisciplinary data obtained in ELIP argue for the existence of a Permian mantle plume Ali et al., 2010) . Magmatic underplating is an integrated part of the continental flood basalt (CFB) volcanism (Furlong and Foutain, 1986) . It has been suggested that most of the magma that reaches the crust could solidify as underplated material and remain hidden underneath some LIPs (Cox, 1980 (Cox, , 1993 Thybo and Artemieva, 2013) . The interaction of the mantle plumes with the continental lithosphere could play an important role in the lithospheric growth, modification and destruction, both at the plate margins and in the intraplate regions (Sun, 1989; Albarede, 1998) . The mantle melting and infiltration of the basaltic magmas are not restricted to the mantle part of the lithosphere, but often result in emplacement of magmatic bodies into the crust or at its base, i.e. crustal underplating (Cox, 1980 (Cox, , 1993 Furlong and Fountain, 1986; Fyfe, 1992; Thybo and Artemieva, 2013) . This process could not only enhance the crustal growth from below by the addition of high density material to the deep crust (Rudnick, 1990) , but also introduce the vertical growth within the upper parts of the crust by physical (e.g., thermal density buoyancy) and chemical (e.g., melting, crystallization, and differentiation) effects that are associated with the subsequent magmatism process until its eruption at the surface (Cox, 1980 (Cox, , 1993 Furlong and Fountain, 1986; Rudnick, 1990; Thybo and Artemieva, 2013) . If the crustal underplating is related to the strong interaction that is triggered by the dynamic and thermal effects of the plume activity (Campbell, 2005) , then the position where the plume head used to be located would have fossilized characteristics associated with the past magmatism process.
Besides the sedimentary features (He et al., 2003 (He et al., , 2010 , other convincing evidences, such as the incompatible trace element contents of the picrites and basalt (Chung and Jahn, 1995) , and the distributions of high-Ti and low-Ti lavas in ELIP (Xu et al., 2004) also suggested INZ was close to the plume axis at the time of volcanism. The distinct crustal properties and geometry (Fig. 5 ) that were obtained by our targeted geophysical investigations in INZ have been discussed above. The continuation of the signature CD at the base of the upper crust in INZ is terminated where the signature UI starts to appear (Fig. 5c) . A similar observation made by Xiong et al. (1986) in an early controlled-source seismic survey showed that the upper crust in this region is transparent and free of upper crustal reflectivity. We interpret the lack of the signature CD and the appearance of the signature UI in INZ as the result of magmatic intraplating during the Emeishan volcanism .
In INZ, where the plume head is expected to be located, the extent of mantle melting (and consequently melt volume) is much larger than in IMZ and OTZ. A larger degree of melting not only generated thicker volcanic successions in INZ, but also produced unusual crustal properties in this region as illustrated in Fig. 5 . The addition of magmas at various levels of the crust and the subsequent interactions with the pre-existing crust might have considerably modified the crustal properties and demolished its original crustal geometry, such as signature CD that is observed in IMZ (Fig. 8 ). This argument is further supported by other independent studies. Chen et al. (2013) found that there is a coherent relationship between the deep crustal deformation by crustal anisotropy (Pms splittings) and the shallow deformation by GPS movement in INZ. Such a strong coupling between the shallow and deep parts of the crust most likely reflects the strong vertical interaction that is related to the plume activity.
The topographic uplift is the most dramatic surface expression for the vertical crustal growth. The addition of voluminous basic magma to the lithospheric column would cause a permanent surface uplift. Assuming a perfect Airy-type isostatic equilibrium, the amount of uplift u (Shoko and Gwavava, 1999) , can be estimated by
where, x and ρ x are the thickness and density of the added material, respectively, and ρ a is the density of the asthenosphere (ca. 3.4 g/cm 3 generally). In our case, x is ca. 15-20 km (Fig. 5c) and ρ x is ca. 3.14 g/cm 3 (Deng et al., submitted for publicaton). Hence, the uplift u can be estimated as approximately 1000-1500 m. Furthermore, assuming a complete melt segregation and accumulation, Furlong and Fountain (1986) evaluated the potential for crustal underplating to increase the total thickness of the crust by the deep melt. The modeling results indicated that if more than 15 km thick mantle-derived materials are added to the crust at depths of 30 to 50 km, the melt-generation depth would be greater than 125 km, which is already below the 110-km depth of the lithosphere-asthenosphere boundary (LAB) beneath INZ, as imaged by S-wave RFs (Chen et al., in preparation) . According to our observation, a 15-20 km thick layer is the minimum estimate of the added materials through magmatic underplating in INZ (Fig. 5c) , because the volumes of massive eruption and accumulation (magma dykes) within the upper parts of the crust are not included. Therefore, not only the surface uplift but also the melt-generation depth related to the crustal underplating would be much larger than the estimate made above. He et al. (2003) carried out the biostratigraphic and sedimentologic investigations for the middle Permian Maokou Formation that immediately underlies the Emeishan flood basalts. A rapid, kilometer-scale crustal doming prior to the eruption of the Emeishan flood basalts is proposed with a time scale less than 3 Myr and a magnitude of uplift greater than 1000 m. Specifically, a layer of conglomerate of variable thickness is found underneath the main phase of the Emeishan basalts and above the earlier phase of basalts in the northeastern flank of the domal structure along the eastern boundary of the Xiaojiang fault (XJF, F6 in Fig. 2 ). It was suggested that the conglomerate layer was formed due to a differential uplift of the blocks in the northeastern flank of the domal structure, and thus, XJF would be a syn-doming normal fault that was deformed during the crustal doming period.
Because of the superposition of the subsequent tectonic movements (such as the ongoing Indo-Eurasian collision since Cenozoic), the present elevation of ELIP (upper panel of Fig. 5c ) is in fact much higher than that estimated above either by the isostatic theory or by the sedimentary records. Meanwhile, the major faults in ELIP are characterized mainly by the kinematic and dynamic features that are related to the present-day tectonic settings. For example, the present movement of XJF is featured as left-lateral slipping (Yin, 2010) . Based on the sedimentary records in ELIP (Wang et al., 2006; He et al., 2003 He et al., , 2010 , the kinematic features of the major faults (such as XJF, SZF) during the period of Permian volcanism could be unified into a dynamic framework that is related to the crustal vertical growth that results from the maficmagma underplating, which was eventually related to the activity of the Permian ancient plume. Fig. 8 is a cartoon that summarizes coherently the observations that regard the crustal structures and dynamic responses in ELIP. The hot buoyant mantle material ascended from the mantle toward the Earth's surface, penetrated into the crust and gave rise to large-scale crustal underplating that accumulated near the Moho. The Conrad discontinuity (CD in Fig. 8 ) that is observed in IMZ was diluted by the magmatic process in INZ. The Moho depth in INZ is in average greater than that of other zones (Figs. 4 and 7) , with an approximately domal shape below the underplating layer (Figs. 5e and 8). The deepest Moho, however, lies immediately east of the underplating zone. This feature may reflect some relics of the dynamic response of the impact that is related to the plume activity, and the recent crustal modification by the lateral compression induced by the India-Eurasia collision since Cenozoic. The consequence of all was a significant vertical growth within the crust. In addition to magmatic penetration into the crust, the mantle plume initiated kilometer-scale topographic uplift, thereby causing the domal deformation of the crust and activating some large regional faults.
Conclusions
Our comprehensive geophysical investigations revealed distinct features of the crustal nature and geometry in INZ of ELIP. Several distinct crustal properties, including high density, high P-wave velocity, high Vp/Vs ratio, low heat flow, a thick crust and the geometry of intra-crustal features, strongly support a mafic layer of 15-20 km thick and 150-180 km in lateral extent at the base of the crust in INZ. This mafic layer is interpreted as a result of magmatic underplating related to the Permian mantle plume. The continuous seismic signature CD, which is interpreted as the Conrad discontinuity, is present in the whole IMZ and in the eastern part of INZ, but is absent in the central and western parts of INZ. Instead, the seismic signature UI is observed in these areas and is interpreted as the interface of the underplating materials. Such a spatial configuration of the signatures UI and CD is attributable to the addition of plume-derived melts into the pre-existing crust and intensive interaction between them. Assuming a crustal isostacy, such large-scale magmatic underplating near the Moho would introduce a permanent kilometer-scale surface uplift, which is well recorded by the biostratigraphy of the pre-volcanic sediments. All of these findings, therefore, lend strong support to the mantle plume model that was proposed for the generation of ELIP.
